
M

U

F
C
a

b

c

a

A
R
R
A

P
4
7
7
7

K
T
M
E
O

1

r
s
c
s
p
e
i
t
v
a
t
p
o
c
o
[
t

0
d

Materials Chemistry and Physics 129 (2011) 27– 29

Contents lists available at ScienceDirect

Materials  Chemistry  and  Physics

j ourna l ho me  pag e: www.elsev ier .com/ locate /matchemphys

aterials  science  communication

ltraviolet  photodetectors  fabricated  from  ZnO  p–i–n  homojunction  structures

eng  Suna,b, Chong-Xin  Shana,∗, Shuang-Peng  Wanga, Bing-Hui  Lia,  Zhen-Zhong  Zhanga,
hun-Lei  Yangc, De-Zhen  Shena

Key Lab of Excited State Processes, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, No. 3888 Dongnanhu Road, Changchun 130033, China
Graduate School of Chinese Academy of Sciences, Beijing 100049, China
Center for Photovoltaic Cells, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 1 December 2010
eceived in revised form 8 April 2011
ccepted 23 April 2011

ACS:
1.60.Dk
3.50.Gr
3.61.Ga

a  b  s  t  r  a  c  t

Zinc  oxide  (ZnO)  p–i–n  structured  ultraviolet  (UV)  photodetector  has  been  constructed  in  this  paper.  The
photodetector  exhibits  an obvious  response  to ultraviolet  light  at 0 V bias,  which  is  a  typical  character  of
p–i–n structured  photodetectors.  The  maximum  responsivity  of the  photodetector,  which  is  located  at
around  390  nm,  is  about  0.45  mA  W−1 at 0  V bias,  and  the  responsivity  increases  with  increasing  reverse
bias  voltage  applied.  The  response  decay  time  of  the  p–i–n structured  photodetector  is about  260  ns.  This is
the first  report  on ZnO  p–i–n  homojunction  structured  photodetectors  to  the  best  of  our knowledge.  Con-
sidering  that  p–i–n  structure  is the most  promising  configuration  for high  performance  photodetectors,
the  results  reported  in  this  paper  may  provide  a  clue  for high-performance  ZnO  based  UV  photodetectors.
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. Introduction

Ultraviolet (UV) photodetectors have drawn much interest in
ecent years due to their versatile potential applications in mis-
ile detection, space-to-space communication, flame detection and
ombustion monitoring, etc. [1–3]. As an important wide band gap
emiconductor, zinc oxide (ZnO) exhibits excellent photosensitive
roperties at UV spectrum region, while it is almost transpar-
nt at visible region [4–6]. The above characters make ZnO an
deal candidate for UV photodetectors. Actually, ZnO based pho-
odetectors have been studied extensively in recent years, and
arious typed ZnO photodetectors have been demonstrated, such
s metal–semiconductor–metal [7–10], schottky [11–13],  p–n junc-
ion [14–17],  photoconductive type [9,18,19], etc. It is accepted that
–i–n junction structured photodetectors have a variety of figure
f merits such as high breakdown voltage, fast response, low dark
urrent compare with other structured ones. However, since the

btaining of reliable and reproducible p-type ZnO is still a challenge
20–23], none report on p–i–n homojunction structured ZnO pho-
odetectors can be found to the best of our knowledge. Recently, on
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the basis of realizing high quality ZnO films with low residual elec-
tron concentration [24,25],  we  have obtained reproducible p-type
ZnO by employing lithium-nitrogen as dual-acceptor dopants [25],
which lays a solid ground for the realization of p–i–n structured
ZnO photodetectors.

In this paper, p–i–n homojunction structured ZnO photode-
tectors have been fabricated. A noticeable responsivity at around
390 nm was observed from the photodetector, and the maximum
responsivity of the photodetector is about 0.45 mA  W−1 at 0 V bias,
which increases with increasing the reverse bias applied.

2. Experimental

The growth of the ZnO films was carried out in a VG V80H plasma-assisted
molecular beam epitaxy technique, and the detailed growth conditions can be found
elsewhere [25]. Briefly, metallic zinc (99.9999%), metallic lithium (99.999%) and
oxygen gas (99.9999%) and nitric oxide gas (99.9999%) were employed as the pre-
cursors and dopants for the growth. Knudsen cells were used to evaporate metallic
sources, and Oxford Applied Research radio-frequency (13.56 MHz) atomic cells
(Model HD25) operating at 320 W were used to activate gassy sources. The p-type
lithium-nitrogen doped ZnO (ZnO:(Li,N)) layer was grown at 750 ◦C, the insulating
active layer (i-ZnO) of the p–i–n structure was grown at 800 ◦C, and the n-type ZnO
layer was grown at 750 ◦C. The electrical properties of the ZnO films were measured

in  a Hall measurement system (LakeShore 7707) under Van der Pauw configura-
tion.  The photoresponse of the p–i–n junction photodetector was measured using a
standard lock-in amplifier, a Spex scanning monochromator, and a 150 W Xe lamp
was  employed as the irradiation source. The transient response of the ZnO p–i–n
photodetector was  measured under the excitation of the 266 nm line of a Nd:YAG
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http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:phycxshan@yahoo.com.cn
dx.doi.org/10.1016/j.matchemphys.2011.04.058


28 F. Sun et al. / Materials Chemistry and Physics 129 (2011) 27– 29

Fig. 1. (a) I–V curve of the ZnO:(Li,N)/undoped-ZnO junction, indicating obvious
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The photoresponse characteristics of the p–i–n structured pho-
todetector are shown in Fig. 3. It is found that a noticeable response
has been observed at 0 V bias. The maximum responsivity of the
ectifying behaviors with a turn-on voltage of about 4.2 V; and (b) I–V cures of Ni/Au
ontact on the ZnO:(Li,N) layer and In contact on the undoped ZnO layer, showing
oth of them are good ohmic contacts.

aser with the pulse width of 10 ns, and the transient signals were recorded by a
riax 550 spectrograph.

. Results and discussion

Hall measurement on the ZnO:(Li,N) film indicates that the film
s of p-type conduction, and the hole concentration and mobility are
.5 × 1016 cm−3 and 8.7 cm2 V−1 s−1, respectively. To further iden-
ify the conductivity type of the ZnO:(Li,N) films, the doped ZnO
lms were deposited on an undoped n-ZnO layer. The I–V curve of
he ZnO:(Li,N)/n-ZnO structure is shown in Fig. 1(a). A perceptible
ectifying behavior can be observed from the I–V curve, and the
urn-on voltage of the structure is about 4.2 V. Note that both the
–V curves of the Ni/Au contact on the ZnO:(Li,N) layer and In con-
act on the n-ZnO layer are typical beelines, as shown in Fig. 1(b),
evealing that good ohmic contacts have been obtained on both lay-
rs. The above facts indicate that the rectifying behaviors observed
n the I–V curve of the ZnO:(Li,N)/n-ZnO structure comes from the
nO:(Li,N)/undoped n-ZnO interface, and confirming the Hall result
hat the ZnO:(Li,N) is of p-type conduction.

A schematic illustration of the p–i–n structured photodetector
s depicted in Fig. 2(a). The device is consisted of three epitaxial
ayers: n-ZnO, i-ZnO, and p-type ZnO:(Li,N). The thickness of the n-
nO is 300 nm,  and the electron concentration and mobility of the
ayer are 4.3 × 1019 cm−3 and 31.0 cm2 V−1 s−1, respectively. The

-ZnO layer has an electron concentration of 1.5 × 1016 cm−3, and
he mobility of this layer is 28 cm2 V−1 s−1. The hole concentra-
ion and mobility of the p-ZnO:(Li,N) film are 4.5 × 1016 cm−3 and
.7 cm2 V−1 s−1, respectively. The growth details of i-ZnO and p-
Fig. 2. (a) Schematic illustration of the ZnO p–i–n structured photodiode; and (b)
I–V  curve of the p–i–n structure, and the inset shows the I–V curves of the the Ni/Au
contact on p-ZnO:(Li,N) layer and In contact on n-type ZnO layer.

ZnO:(Li,N) can be seen in our previous report [25]. Ni/Au and In
were deposited using vacuum evaporation as p-type and n-type
contacts, respectively. In this way, a ZnO based p–i–n photodetector
has been constructed. The I–V curve of the p–i–n structure is shown
in Fig. 2(b). From the I–V curve, well-defined rectifying behaviors
can be observed, and the turn-on voltage is about 6.0 V. Note that
the large turn-on voltage may  be caused by the relatively high resis-
tance of the i-ZnO layer. The Ni/Au electrode on the p-type ZnO
layer and the In electrode on the n-type ZnO layer are both good
ohmic contacts, as revealed by the straight lines shown in the inset
of Fig. 2(b).
Fig. 3. Photoresponse of the ZnO p–i–n homojunction photodetector at 0 V and 3 V
reverse bias (note that the responsivity of 0 V has been magnified by 1000 times),
and the inset shows the responsivity at 390 nm of the structure as a function of the
reverse bias applied.
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ig. 4. Photoresponse decay of the p–i–n structured ZnO UV photodetector, in which
he scattered circles are experimental data, while the solid line is a fitting to the
xperimental data using a first-order exponential decay formula.

hotodetector is about 0.45 mA  W−1 located at around 390 nm,
hich corresponds to the band gap of ZnO, and the cutoff wave-

ength is located at around 405 nm.  The obvious photoresponse at
 V bias is a typical character of p–i–n structured photodetectors,
onfirming that the photoresponse comes from the p–i–n homo-
unction. The peak responsivity at around 390 nm of the structure
s a function of the reverse bias applied is shown in the inset of
ig. 3. The responsivity of the photodetector increases with increas-
ng reverse bias, and it can reach about 8 A W−1 at 12 V bias. It is
oted that although there are some reports on ZnO p–n ultravio-

et photodetectors [14–17],  no report on ZnO p–i–n homojunction
tructured photodetectors can be found before to the best of our
nowledge.

The temporal response decay spectrum of the ZnO p–i–n struc-
ured photodetector is shown in Fig. 4. The spectrum was  measured
ith a load resistor of 7.5 k� at 0 V bias. The scattered experimen-

al data can be well fitted by the following first-order exponential
ecay formula:

 = I0 + A∗
0 exp

(−t

�

)
(1)

here I and I0 are the response of the photodetector, � is the decay
ifetime, t is time, and A0 is a constant. The best fitting of the experi-

ental data using Eq. (1) yields a decay time of 260 ns for our p–i–n
tructured photodetector. That is, the response decay time of the
–i–n structured photodetector is about 260 ns.

. Conclusion
In summary, p–i–n structured ZnO UV photodetector has been
abricated in this paper. The photodetector shows obvious response
f about 0.45 mA  W−1 to UV light at 0 V bias, which is a typi-
al character of p–i–n structured photodetectors. The maximum

[

[
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responsivity of the photodetector can reach 8 A W−1 when the
reverse bias reaches 12 V. This is the first report on p–i–n structured
ZnO photodetectors to the best of our knowledge. Considering
that p–i–n structured photodetector has significant figure of merit
compare with other structured ones, such as MSM,  schottky, photo-
conductive type. The results reported in this paper demonstrated a
route to p–i–n homojunction structured photodetectors, thus may
provide a clue for realizing high performance ZnO-based UV pho-
todetectors in the future.
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